CubeSats are revolutionary to the space industry and are transforming space exploration which enables the next generation of scientists and engineers to complete all phases of space missions. Deployable solar panels have been widely used for the generation of enough power in CubeSats due to their limited volume area for solar cell integration. In general, the cable cutting release mechanism have been used in 1U-3U small satellites because of its simplicity and low cost. However, this mechanism has a low constraint force and is unable to apply constraints along the in-plane and out-of-plane directions. In this study, for the improvement of the conventional cable cutting mechanism, a spring-loaded pogo pin-based nichrome burn wire holding and release mechanism (HRM) was proposed and fabricated. The pogo pin constitutes an immensely attractive function for the holding and release mechanism of solar panels because it works as an electrical interface to provide power, a separation spring to initiate the reaction force to deploy the panels, and a status switch to determine deployments. In addition, the proposed mechanism guarantees the loading capability along the in-plane and out-of-plane directions of solar panels, the synchronous release of multiple panels, and a handling simplicity that differentiates it from the conventional mechanism. The design feasibility, structural safety, and reliability of the mechanism were verified through functionality tests and launch and on-orbit environmental tests. The proposed pogo pin-based holding and release mechanism would be equally applicable for other CubeSat deployable appendages.
Introduction
In 1957, the Soviet Union officially initiated the modern space age by launching the Sputnik satellite into low Earth orbit. This step was quickly followed by the successful launches of the Explorer 1 and Vanguard 1 satellites [1] . During the last decade, the size of satellites launched into the space has been decreased significantly, whereas their capabilities increased, due to the miniaturization of electronics and the increase in the system integration density. The use of small satellites offers several benefits such as a decrease in the launch cost and development time. The basic CubeSat configuration, referred to as 1U, has a standard dimension of 10 × 10 × 10 cm 3 and an approximate mass of 1.33 kg, although larger configurations are also available.
Although the size of microprocessors and computing technology continue to shrink in size, the power requirements for components remain steady. Moreover, payloads and data transmission capabilities are also limited if the power generation is insufficient. To enhance the capability of a CubeSat, deployable solar panels are required, which would increase the surface area of a CubeSat for the installation of solar cells and would help orient the panels to face perpendicular to the sun for effective power generation. When the sun is orthogonal to the solar panels, the power generation performance would increase 160% to 400% with respect to the bodymounted solar panels [2] . This significantly increases the output power of the solar cells. An increase in the power generation of a CubeSat can increase its potential because data collection, data transmission, and data processing are dependent on the power capacity. Consequently, the power capacity of a CubeSat is as important as ever for a given CubeSat. Several studies have been carried out to maximize power generation [3, 4] and different solutions have been investigated to optimize the solar panel configuration, including the possibility of deploying solar arrays from the surface of the CubeSat [5, 6] .
Several holding and release mechanisms have been developed and used to hold and release the deployable solar panels of a CubeSat [7, 8] . In commercial satellites and aerospace engineering, pyrotechnic devices have been used in the HRMs. A high-frequency pyroshock may induce an unexpected shock level and constitutes even more critical challenges for small satellites, as their electrical components are closely arranged due to their limited volume. To overcome the drawbacks of the pyrotechnical mechanism in picoclass satellites, several types of nonexplosive devices made by shape memory alloys (SMA) have been designed and used in CubeSat applications [9, 10] . However, these nonexplosive SMA actuators are not the best choice for CubeSats due to their high cost and increased weight. Therefore, a nichrome burn wire cutting method has been extensively used for the release of mechanical constraints on the deployable appendages of a CubeSat due to its simplicity and low cost. The mechanical constraint was released by cutting the nylon cable triggered by burn resistors. Thurn et al. [11] developed a burn wire release mechanism to release the tether deployment system. The mechanism utilized a compression spring system to apply a force and stroke to the nichrome burn wire to ensure a safer release. They conducted functional performance tests in a vacuum, and the test results indicated a shorter cut time of the mechanism in the vacuum when compared with that in air. However, this design has a very low constraint force and is unable to constrain along the in-out plane direction. Oh and Lee [12] developed a separation nut-type HRM based on the nichrome burn wire cutting, with several advantages, including an increased load capacity and negligible shock; the constraint force of nylon cable winding was released by cutting the nylon cable through a nichrome burn wire. The effectiveness of the design was verified by conducting a functionality test and static load tests under qualification temperature conditions on a demonstration model of the mechanism. Moreover, by realizing the significance of the nylon cable cutting release mechanism in pico-class satellites, Park et al. [13] proposed a novel deployable solar panel mechanism using spring-loaded pogo pins. The feasibility of the mechanism was evaluated by functional tests under various test conditions, such as different input voltages, different numbers of tightening nylon wires, and various temperature ranges. The basic functional test results confirm that the spring-loaded pogo pin constitutes an attractive function for a holding and release mechanism because it works as an electrical interface to provide power to the burn resistor, which is mounted on the burn resistor PCB of the solar panels. In addition, it can establish a temporal electrical connection and it also acts as a status switch to confirm the solar panel deployment status. However, in order to employ a pogo pin-based HRM in a real-time CubeSat mission, the mechanism should be qualified under severe launch and on-orbit thermal vacuum (TV) environments.
In this work, as an extension of a previous research [13] , the electrical interface of a pogo pin-based HRM was redesigned and it was manufactured as a qualification model for use in actual space applications. The qualification model of the proposed HRM was subjected to launch vibration and TV environment tests. The modified electrical design was implemented on a primary printed circuit board (PCB), which also provides a mechanical interface to constrain the out-of-plane directional movement of the deployable solar panel. The modified PCB was used for the input power supply for each of the pogo pins, which reduced the risk of electrical malfunctions and increased the reliability of the mechanism. Moreover, the voltage was measured using a microcontroller unit (MCU) attached to the circuit, to help determine the deployable status of each of the solar panels. The newly proposed design was verified through the qualification level of 3 International Journal of Aerospace Engineering solar panels, and torsional hinges. The primary PCB with pogo pins positioned on the +Z side of the CubeSat accommodates the electrical interface to provide power to the pogo pins and obtain deployment status signals for each solar panel during the activation of the mechanism. The simulated solar panel dummy PCBs made of FR4 with a thickness of 1.6 mm provide a mechanical interface for the integration of brackets and a burn resistor used for cutting through the nylon wires, which are mechanically connected with the primary PCB and dummy solar panels at the stowed position during launch.
Figures 2(a) and 2(b) show the closeup views of the pogo pin-based HRM with a partially and fully stowed solar panel, respectively. The proposed mechanism mainly consists of two spring-loaded pogo pins, a burn resistor, a support bracket, and three notched guide pins. The basic operating principle of the HRM proposed in this study is based on the nylon wire cutting method. However, the main feature of this mechanism, which differentiates it from the conventional mechanisms using the nylon wire cutting method, is the use of a spring-loaded pogo pin. The pogo pin is an electrical interface hardware that has been extensively used in the field of electronics for the implementation of a temporary connection between two electrical circuits. The pogo pin shown in Figure 2 (a) is usually formed as a slender cylinder that contains a spring-loaded pin. When the spring-loaded pin is pressed between two electrical circuits, the tip of the pogo pin forms a secure contact between the two circuits by the restoring force acting on the spring-loaded pin. This function of a temporary electrical connection is useful for electrical applications, especially when many mating and demating cycles of the circuit are required. To demonstrate the function of the pogo pin on the proposed mechanism, two pogo pins were soldered on a pogo pin PCB that was vertically integrated in the primary PCB fixed by the soldering process, as shown in Figure 2 (b). The implementation of the nylon wire cutting method requires the use of a heating element. Thus, a burn resistor was soldered on the front side of a burn resistor PCB, which was integrated in the dummy solar panel through the support bracket. The electrical pads, which are terminals connected with the resistor, are located on the rear side of the burn resistor PCB. The combination of the pogo pins and electrical pads achieves the temporary electrical connection to provide power to the resistor. Therefore, the proposed mechanism does not require an additional function to cut off the power to the resistor immediately after the release of the panels. Moreover, it prevents the failure of the burn resistor due to overheating by continuous provision of power after the panel release. In addition, the pogo pins also function as a status switch to detect the successful release of the solar panels by the observation of the electrical current flow status to the burn resistors. The restoring force of the spring-loaded pins also drives the initiation of the solar panel deployment. The multiple functions implemented by applying the pogo pin are advantageous for the proposed mechanism with respect to the simplicity of the system. Table 1 presents a detailed description of the spring-loaded pogo pin used in the qualification model of the mechanism.
The mechanical constraint along the out-of-plane direction of the solar panel is achieved by tightening the nylon wire along the three notched guide pins, as shown in Figure 2 (b). Among these, two guide pins were fastened on the bracket mounted on the solar panel with the burn resistor PCB. Another guide pin was fastened on the rail structure of the dummy CubeSat through the hole interface of the primary PCB. When the solar panel is in the stowed position, the stroke of the spring-loaded pin should be within the nominal range, to ensure a reliable contact between the pogo pins and electrical pads on the burn resistor PCB. In the case of the pogo pin used in this study, the recommended stroke of the spring-loaded pin was 0 9 ± 0 1 mm. To meet the stroke requirement, the displacement limiters were implemented as U-shape interfaces at the edge of the primary PCB. The two notched guide pins mounted on the solar panel are combined with the U-shaped displacement limiter, when the solar panel is fully stowed. In addition, the U-shaped interface also provides the mechanical constraint along the in-plane direction of the solar panel. Thus, the proposed mechanism is more effective in securing the structural safety of the solar panel as the in-plane constraint implementation prevents the unintentional loosening of the nylon wire in the launch vibration environment. In the wire tightening process, the nylon wire was wound along the notches on the guide pins. These notches restrict the unexpected movement of the tightened nylon wire during the launch vibration environment, to ensure a stable contact with the burn resistor. Moreover, the knotting process of the nylon wire was performed on the corner area of one of the guide pins mounted on the solar panel. Therefore, the wire tightening process becomes much simpler and more reliable than the conventional wire cutting mechanisms, whose knotting process is performed on the flat surface of the solar panel. The release of the nylon cable winding along three notched guide pins is initiated by the activation of the burn resistor. For the International Journal of Aerospace Engineering deployment of the solar panels, as shown in Figure 1(b) , the holding constraints achieved by the nylon wire tightening are released as the wire is cut, by applying power to the burn resistor. As compared with the conventional wire cutting mechanisms where the tightening process was performed on the flat surface, the proposed mechanism is much improved in terms of easier inspection and the tightening process. In particular, this also makes it easier to rework for the replacement of the damaged burn resistor during the on-ground test process. To provide the electrical power to the burn resistors, the interfaces of the pogo pins applied for each solar panel were connected in parallel with an electrical power connector mounted on the PCB. This enables the synchronous release of multiple solar panels using a single power interface. The synchronous release capability is important for the minimization of the undesirable attitude tumbling of the CubeSat induced by the asymmetric panel deployment in its initial on-orbit stabilization phase. The input voltage for the activation of the mechanism was set to 8 V, which was validated to guarantee a reliable release of the solar panels in the previous study [13] . This voltage level can be sufficiently provided by the CubeSat power system using commercial Li-ion batteries. In the previous version of the pogo pin HRM [13] , the function to detect the deployment status of the solar panels was not applied, as its main objective was to validate the feasibility of the mechanism. Therefore, in this study, the MCU combined with the current sensing amplifiers were added to the primary PCB to utilize the function of the pogo pins as the deployment status switches for the solar panels. Based on the current flow status to each burn resistor monitored by the current sensing amplifiers, the MCU provides a telemetry of "1" or "0" according to the stowage or deployment status of each solar panel. The temperature sensor provides the temperature status information of the primary PCB during its on-orbit operation. The panel cutout at the center of the PCB was intentionally implemented in the qualification model. This area allows to accommodate additional hardware such as a payload or other appendages. For the effective accommodation on the extremely limited area of the primary PCB, the electrical components were soldered on edges. International Journal of Aerospace Engineering Figure 4 shows the tightening process of the nylon wire on the three notched guide pins shown in Figure 2 (a). After winding the nylon wire along the guide pins and burn resistor, a knotting process of the nylon wire based on a surgeon knot was carried out on the corner surface of one of the guide pins. This optimized tightening process is simpler, and more effectively secures the solar panel in comparison with the conventional nylon wire cutting mechanisms whose wire tightening process is performed on the flat surface of the solar panel. The nylon wire (Berkley, Nanofil) [14] used in the proposed mechanism is made of fluorocarbon material with a diameter of 0.11 mm, which has a maximum allowable strength of 56.17 N. The nylon wire has an adequate strength and stiffness to endure the launch vibration environment and also has space heritage [15] . In addition, the test report [16] of the nylon wire stated that the elongation at the break of the wire decreases to 67.9% of the original value when it is exposed to the ultraviolet (UV) radiation expected in the space environment for 200 hrs. This indicates that the nylon wire has sufficient endurance against the UV environment taking into account that the deployment of the solar panel is typically initiated after several minutes to hours after the orbital injection of the CubeSat.
Results of Release Function Tests
To confirm the functionality of the proposed mechanism, release function tests were conducted with the experimental setup shown in Figure 5 . The qualification model shown in Figure 1 was connected to a power supply to provide power for the mechanism activation and a data acquisition (DAQ) system to monitor the input power to the burn resistors and the deployment status signals from the solar panels during the test. The release function tests were performed according to the number of nylon wire windings, various temperature conditions, and repetitive activations of the mechanism. Figure 6 shows the time histories of the input voltage to the burn resistors and separation signals of each solar panel monitored during the test. The release status data obtained 7 International Journal of Aerospace Engineering by the MCU indicated that all the solar panels were released within 2.5 s from the initiation of burn wire triggering, and the time gap between the released panels was at the maximum of 0.43 s. The test results indicated that the proposed mechanism guarantees the synchronous release of multiple solar panels. In addition, the MCU with a current sensing amplifier applied to the mechanism well detected the release status of each solar panel in accordance with the temporary electrical connection implemented by the pogo pins.
In this study, the 2U-sized dummy solar panel was applied to the qualification model shown in Figure 1 . However, a higher holding capability might be required, as the size of the solar panel is increased. This can be achieved by changing the number of nylon wire windings. Thus, the release function test of the mechanism was conducted with different numbers of nylon wire windings. Figure 7 shows the release time of each solar panel with different numbers of nylon wire windings. The results indicated that the release time increases when the number of wire winding increases. The mechanism with the triple wire windings successfully released the constraint of the solar panel within 4.9 s, although this value is approximately two times higher compared with that of one wire winding. In addition, it still guaranteed a synchronous release of the multiple solar panels because the time gap between the released panels was only 0.83 s. These results indicate that the proposed mechanism also functions well with the application of multiple nylon wire windings.
The qualification temperature range of the mechanism ranges from -30°C to 60°C. The mechanism should function well under the given qualification temperature range, to assure its functionality in the on-orbit thermal environment. In particular, the mechanism could fail to release the panel constraint if the burn resistor is not sufficiently heated when it is exposed to the in-orbit low-temperature condition. Thus, release function tests were conducted under ambient temperature conditions. Figure 8 shows the variation in the release time of the solar panels under the qualification temperature ranges. The test results reveal that the release time increases in accordance with a decrease in temperature. However, the mechanism guarantees a reliable cut through within 5 s, even at the worst cold temperature of -30°C. These test results indicate that the mechanism functions well under specified qualification temperature ranges.
The repeatability of the mechanism is important because several numbers of release tests of the mechanism are required throughout the CubeSat development process. Thus, to validate the repeatability of the mechanism, the repetitive release function tests were performed, and the results are presented in Figure 9 . The results indicate that the mechanism was operating well with no failure on the burn resistor during the repetitive activation of 20 times, although the release time was slightly varied due to the workmanship, to apply tension International Journal of Aerospace Engineering to the nylon wire during its tightening process. These results indicate that the mechanism assures sufficient repeatability for use in CubeSat applications.
Launch Vibration Test of Pogo Pin HRM
To verify the design effectiveness of the mechanism under a launch vibration environment, launch vibration tests were conducted at the qualification level. Figure 10 shows an example of a vibration test setup of the mechanism along the x-axis. The qualification model shown in Figure 1 was inserted into the 3U-sized test-picosatellite orbital deployer (Test-POD) with a 1U dummy CubeSat structure, to fill the residual space in the POD. The qualification test loads specified in Tables 2(a) and 2(b) were applied to the mechanism using an electrodynamics shaker (J260/SA7M, IMV Corp.).
In the test, an accelerometer was attached to the test jig to measure the input test load. In addition, the acceleration responses at the dummy solar panels were obtained using the accelerometers attached to the center of the panels. The structural safety of the mechanism was evaluated by comparing the first eigenfrequency of the panels obtained through low-level sine sweep (LLSS) tests before and after each vibration test. After completing all the vibration tests, the release test of the solar panel was performed to evaluate the functionality of the mechanism. Figure 11 shows the sine vibration test results along the x -axis. With respect to the amplitude of a sine vibration load of 2.5 g, the maximum acceleration responses of the +X and −X solar panels of 31.16 g and 28.42 g were observed at 77.2 Hz and 72.2 Hz, respectively. The 6.5% frequency difference between the +X and −X panels might be caused by the irregular workmanship during the tightening process of the nylon wire and the backlash on the rotational hinges. In general, these factors are inevitable when the nylon wire cutting type mechanism is used in CubeSat applications. Figure 12 shows the random vibration test results along the x-axis of the qualification model. In the test, the accelerometer at the 9 International Journal of Aerospace Engineering +X panel was unintentionally detached from the panel surface, such that the response of the panel could not be obtained, although it was fully tested as specified in Table 2 . The G rms values of the −X, +Y, and −Y panels calculated from the power spectral density (PSD) acceleration profiles were 45.68, 45.68, and 32.19 with respect to the test input of 14.1 G rms . The maximum relative dynamic displacement at the center of the dummy panel, estimated from the vibration test results, was 1.68 mm. Therefore, the design configuration is within the ISIPOD [17] inner required dynamic clearance of 10 mm to avoid a crash between the P-POD interface and the solar cell. Table 3 summarizes the representative LLSS test results of the qualification model, i.e., the first eigenfrequencies of the +X and +Y panels before and after each vibration test. The requirement of the LLSS test is that the frequency shift to the dummy panel after the vibration test should be less than 5%. The table shows that the frequency shift was less than 2.01% throughout all the test sequences. These results indicate that the effectiveness of the proposed mechanism was successfully verified under the given qualification test loads. Figure 13 shows the TV test setup to validate the functionality of the proposed mechanism under the space simulated TV environment, which was implemented in the ø1 m TV Figure 12 : Random vibration test results of the mechanism along the x-axis excitation. 
Thermal Vacuum Test
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International Journal of Aerospace Engineering chamber. A total number of 16 thermocouples were attached to the PCB and dummy panels. The temperature reference point (TRP) was located at the center surface of the dummy panel. The mechanism was exposed to a total number of six thermal cycles with the qualification temperature range from -30°C to 60°C under a chamber pressure less than 10 -5 torr. The thermal dwell time at the hot and cold plateaus for a state of health (SOH) check of the mechanism was more than one hour and the required temperature change rate to declare the thermal equilibrium state of the hardware was less than 1°C per hour.
The SOH checks for the burn resistors were conducted on all the hot and cold soak phases, to check the survivability of the mechanism. Figure 14 shows the variation in the resistance values of the burn resistors measured during the TV test. The result indicates that the resistors exhibited the resistance variation of less than 0.7% throughout the test phases. This indicates that there was no performance degradation of the resistor during the TV test. Moreover, the release function test of the mechanism was performed in the 6th cold soak phase of the TV test as it was the worst condition for the mechanism activation. The test results confirmed that all the panels were successfully released as shown in Figure 13 .
After the completion of the TV test, the release function test of the mechanism was also performed at ambient temperature conditions to confirm the functionality of the mechanism. The corresponding test results are presented in Figure 15 . For comparison, the results obtained before and after the vibration test were also plotted in the figure. The panels were successfully released within 2.86 s, although there were differences of 13% and 66% with those measured before and after the vibration test, respectively. In addition, the time gap between the released panels was only 0.42 s. These observations indicate that the mechanism functioned well even after the launch vibration and TV tests.
In addition, when the dummy panel stowed and constrained by the mechanism is exposed to the launch and on-orbit environments, there is a possibility for the copper electrodes of the burn resistor PCB to be damaged due to the pressure applied by the sharp-edged tip of the pogo pins. This could lead to the degradation of the electrical contact between the burn resistor PCB and the pogo pins. Thus, scanning electron microscope (SEM) inspection was performed for the evaluation of the electrodes after completing all the qualification tests. Figure 16 shows the crosssectional SEM microphotographs for the electrodes of the burn resistor PCB before and after exposure to the launch 
